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Fish mesonephric model of polycystic kidney disease in medaka
(Oryzias latipes) pc mutant.
Background. Polycystic kidney disease (PKD) is a common
hereditary disease. A number of murine and zebrafish mu-
tants have been generated and used for the study of PKD as
metanephric and pronephric models, respectively. Here, we re-
port a medaka (Oryzias latipes) mutant that develops numerous
cysts in the kidney in adulthood fish in an autosomal-recessive
manner as a mesonephric model of PKD.
Methods. The phenotypes of the medaka pc mutant were de-
scribed in terms of morphologic, histologic, and ultrastructural
features. The pc see-through stock was produced by crossing a
pc mutant and a fish from the see-through stock and used for
observing the kidney through the transparent body wall of a
live fish.
Results. The mutant developed bilateral massive enlargement
of the kidney in adulthood. They sexually matured normally
within 2 months of age and died within 6 months of age. The
affected kidney was occupied by numerous, fluid-filled cysts,
which were lined by attenuated squamous epithelial cells. De-
velopmentally, cystic formation began in the pronephros in
10-day-old fry and in the mesonephros in 20-day-old fry at the
microscopic level. The pc see-through stock was useful in ob-
serving disease progression in live fish.
Conclusion. The kidney disorder that develops in the medaka
pc mutant is a mesonephric counterpart of PKD, particularly an
autosomal-dominant PKD, based on its morphologic, histologic,
and ultrastructural features, and slow progression.
Polycystic kidney disease (PKD) is a common heredi-
tary disease, which leads to massive kidney enlargement
by the cystic dilation of renal tubules and chronic renal
failure [1, 2]. Various murine models of PKD have been
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generated from naturally occurring or experimentally in-
duced mutants and are used for the understanding of
PKD [3, 4]. In fish, many zebrafish mutants have been
generated by chemical mutagenesis [5] and insertional
mutagenesis [6, 7], which develop cystic structures in the
pronephros. Although the fish pronephros is more evo-
lutionarily primitive than the mammalian metanephros,
the usefulness of pronephric models in elucidating the
genetic processes involved in PKD has been proved [8].
The medaka is a small, egg-laying freshwater teleost
that is widely used as a laboratory animal. The 3 cm
long medaka falls into the smallest group of vertebrates
known. For medaka, spawning is daily and year-round
under artificial conditions, and the timing of spawning
can be controlled by light conditions during a 24-hour
period. In addition, the transparency of eggs is a distinct
advantage for embryologic observations and manipula-
tions. With these biologic characteristics and abundant
research resources, medaka is comparable to zebrafish as
a model fish [9].
The medaka (Oryzias latipes) pc (polycystic) mutant
develops a kidney disorder in the mesonephros; this mu-
tant is a naturally occurring mutant collected by Tomita in
1975 and has been maintained in our laboratory. Tomita
[10] briefly described this mutant as having a pc muta-
tion that results in a polycystic kidney with bilateral mas-
sive enlargement in adulthood and that is transmitted as
an autosomal-recessive trait. However, no complete de-
scription of the phenotype of this mutant based on precise
investigations was given.
In this study, we phenotypically characterized the
medaka pc mutant by morphologic, histologic, histo-
chemical, and ultrastructural observations using scan-
ning and transmission electron microscopes. The nor-
mal and affected kidneys are also observed in the pc
see-through stock produced by introducing the pc locus
to the see-through medaka that enabled us to observe
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internal organs through the transparent body wall of the
fish [11]. Here, we showed that the pc mutation causes
massive enlargement of the kidney consisting of numer-
ous fluid-filled cysts, which progresses slowly through
adulthood. Furthermore, we examined the early stages
of cystic formation at the microscopic level, showing that
cystic formation occurs in the pronephros and then the
mesonephros at larval stages before it can be visualized
by the naked eye. Based on these results, we concluded
that the kidney disorder in the pc mutant is a mesonephric
counterpart of PKD, particularly an autosomal-dominant
PKD [12, 13]. Thus, the pc mutant is a good mesonephric
model for the study of PKD.
METHODS
Animals
pc mutant stock is a naturally occurring mutant col-
lected by Tomita from the suburbs of Nagoya, Japan,
in 1975, and has been maintained in the Laboratory of
Freshwater Fish Stocks, Bioscience and Biotechnology
Center, Nagoya University. This mutant has a wild-type
body color and develops massive bilateral enlargement
of the abdomen in adulthood that is inherited as an
autosomal-recessive trait [10].
Orange-red variety is a color mutant with an orange-
red body that lacks melanophores, which was used for
control experiments owing to its normal kidney.
See-through medaka stock allows the internal organs
of this stock to be seen through their transparent body
wall [11]. This stock was used for the noninvasive obser-
vation of the normal kidney.
pc see-through medaka stock is homozygous for the pc
locus and was established by introducing the pc locus into
see-through stock by crossing. There are no apparent dif-
ferences in growth and phenotypes between the original
pc stock and the pc see-through medaka stock. Kidney
enlargement is clearly observed through the transparent
body wall of live pc see-through fish.
Breeding of fish
Fish were bred in 16 L tanks with a water circulating
system (MH, Meitosuien, Nagoya, Japan) at 26◦C under
a 14-hour light and 10-hour dark cycle. They were fed
Artemia larvae (Japan Pet Drugs, Tokyo, Japan) and fine
granulated feed (Nisshin Feed, Tokyo, Japan).
External morphology and measurement of kidney weight
Body length and body weight were measured in adult
males and females of the orange-red variety and pc stocks
at 4 to 6 months of age. Then, the body wall was dissected
to observe the external morphology of the kidney. The
kidney and liver were isolated and weighed. The ratio of
the weight of the kidney and liver to the body weight (%)
was calculated for each individual. Data were presented
as mean ± standard deviation (SD). Differences between
mean values were evaluated by an unpaired t test and
considered statistically significant when the P value was
less than 0.05.
Light microscopy
The bodies of the adult fish were incised at the body
wall after the removal of the head and tail, fixed with
Bouin’s fixative, dehydrated in an alcohol series, and
then embedded in paraffin. The specimens were trans-
versely sectioned at 4 to 6 lm thickness and stained with
hematoxylin and eosin. In some experiments, the kid-
ney, liver, and heart were isolated and processed by the
same procedures. The samples were observed under a
microscope (Olympus BX50) (Olympus, Tokyo, Japan)
and photographed using a digital camera (DMX1200)
(Nikon, Tokyo, Japan).
For periodic acid-Schiff (PAS) staining, sections of the
kidney were treated with 0.5% periodic acid solution for
5 minutes and rinsed in distilled water. Then they were
applied to cold Schiff’s reagent (Wako Pure Chemical,
Osaka, Japan) for 5 minutes, rinsed in a solution contain-
ing 0.6% sodium metabisulfate and 0.5 N hydrochloric
acid, and in running tap water, and counterstained with
hematoxylin.
For the identification of the tubular segment, sec-
tions of the kidney were stained with the fluorescein-
conjugated lectin Lotus tetragonolobus (LTL) (Vector
Laboratories, Burlingame, CA, USA), a proximal tubule
marker, at a dilution of 1:10 and the rhodamine-
conjugated lectin Dolichos biflorus agglutinin (DBA)
(Vector Laboratories), a distal tubule marker, at a dilu-
tion of 1:100 according to the manufacturer’s instructions.
To investigate early stages of cystic formation, 0-day-
old, 10-day-old, and 20-day-old fry were sectioned and
stained with hematoxylin and eosin as described above.
Electron microscopy
For scanning electron microscopy, kidney tissues were
excised and fixed in 1.6% paraformaldehyde-2.5% gul-
taraldehyde in 0.1 mol/L phosphate buffer (PB) for 2
hours at 4◦C, rinsed in 0.1 mol/L PB three times, immersed
in 25% dimethyl sulfoxide (DMSO) for 1 hour and in 50%
DMSO for 1 hour, and frozen in liquid nitrogen. The sam-
ples were freeze-fractured with a razor blade, thawed in
50% DMSO, and rinsed in 0.1 mol/L PB. The samples
were postfixed in 1% osmium tetraoxide in 0.1 mol/L PB,
rinsed in 0.1 mol/L PB, dehydrated through a graded ace-
tone series, critical-point-dried (HCP-2) (Hitachi, Tokyo,
Japan), mounted on stubs, sputter-coated with platinum-
palladium (E-1030) (Hitachi) and then visualized un-
der a scanning electron microscope (JSM5500LV) (Jeol,
Tokyo, Japan).
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Fig. 1. External appearance of pc mutant. (A
and B) Orange-red variety (adult male). (C
and D) pc mutant (adult male). (E and F) See-
through madaka stock (adult female). (G and
H) pc see-through medaka stock (adult male).
(A, C, E, and G) Lateral views. (B, D, F, and
H) Dorsal views. Arrows indicate the range
of the cystic kidney. The bar represents 5 mm,
which is applied to all panels. Abbreviations
are: ab, air bladder; b, brain; g, gill; h, heart; i,
intestine; k, kidney; l, liver; s, spleen; sp, spinal
cord. Arrowheads show cylindric caudal parts
of the kidney.
Fig. 2. External morphology of kidney of pc mutant. (A) Orange-red variety (adult male). (B) pc mutant (adult male). Many whitish nodular
structures are observed (arrowheads). The green region in the intestine of orange-red variety is due to ingested green algae. The bar represents 5
mm. Abbreviations are: h, heart; i, intestine; k, kidney; l, liver; s, spleen; t, testis.
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Table 1. Kidney weight of pc mutant
No. of Body length Body weight Kidney weight Kidney weight/ Liver weight Liver weight/
Group animals mm mg mg body weight % mg body weight %
Orange-red male 19 34.4 ± 2.2 382.2 ± 105.4 2.1 ± 1.1a 0.5 ± 0.2b 10.4 ± 4.3 2.6 ± 0.7
pc male 6 34.2 ± 2.5 585.2 ± 247.2 95.2 ± 58.4 15.2 ± 4.3 15.5 ± 7.3 2.6 ± 0.4
Orange-red female 8 35.8 ± 2.1 539.0 ± 121.5 2.8 ± 1.2c 0.4 ± 0.1d 29.4 ± 11.3 5.2 ± 0.9e
Pc female 15 37.4 ± 4.6 868.1 ± 379.9 113.1 ± 77.3 12.4 ± 4.2 24.9 ± 9.8 3.1 ± 1.2
Values are presented as mean± standard deviation (SD).
aP < 0.05, orange-red male versus pc male; bP < 0.005, orange-red male versus pc male; cP < 0.005, orange-red female versus pc female; dP < 0.005, orange-red
female versus pc female; eP < 0.005, orange-red female versus pc female.
For transmission electron microscopy, kidney tis-
sues were fixed with 1.6% paraformaldehyde-2.5% glu-
taraldehyde in 0.1 mol/L PB (pH 7.4) for 2 hours at
4◦C. The tissues were rinsed in 0.1 mol/L PB three times,
postfixed in 2% osmium tetraoxide in 0.1 mol/L PB for
2 hours at 4◦C, rinsed in 0.1 mol/L PB three times, dehy-
drated through a graded ethanol series, and embedded in
Epon 812. Ultrathin of 80 nm in thickness were cut with
a Leica Ultracut UCT (Wetzlar, Germany), stained with
saturated uranyl acetate and lead citrate, and examined
with a JEM-1210 electron microscope (Jeol).
RESULTS
General features of pc mutant
The pc mutant began to develop bilateral enlargement
of the abdomen in early adulthood at approximately 11/2
months of age, which then slowly progressed (Fig. 1C
and D). The process of kidney enlargement was observed
in the pc see-through medaka stock by the naked eye
(Fig. 1G and H). The pc mutant sexually matured at ap-
proximately 2 months of age as the wild-type fish and died
at approximately 6 months of age, earlier than the wild-
type fish with a lifespan of 12 to 18 months under labora-
tory conditions. Thus, the pc mutant was fertile and could
be maintained at the homozygous state for the pc locus.
There were no apparent differences in disease frequency
between males and females. The affected fish with a mas-
sive abdominal enlargement moved slowly and swam fal-
teringly in the tank. There were no apparent differences
in genetic and phenotypic traits between the pc mutant
and pc see-through stocks.
Gross morphology of kidney
The normal and affected kidneys were observed by the
naked eye in see-through medaka and pc see-through
stocks and using dissected specimens of the orange-red
and pc mutant stocks. The normal left and right kidneys
were composed of the main part and caudal part with a
cylinder shape leading the main part and located sepa-
rately on either side of the vertebral column at the an-
terodorsal part of the abdominal cavity and reddish in
color (Figs. 1E and F and 2A). The affected kidneys occu-
pied most of the body cavity displacing and compressing
other internal organs such as the liver, spleen, intestine,
air bladder, and gonads (Figs. 1G and H and 2B). Many
whitish or yellowish nodules of various sizes were ob-
served in the kidney which appeared to be inflated renal
cysts (Fig. 2B). No left-right patterning defects were ob-
served in any internal organs throughout life.
Kidney weight
Table 1 shows the morphometric data used for evalu-
ating the increase in the kidney weight of the pc mutant.
The kidney weights were 2.1 ± 1.1 mg for the orange-red
and 95.2 ± 58.4mg for the pc mutant in the males (P <
0.05), and 2.8 ± 1.2 mg for the orange-red and 113.1 ± 77.3
mg for the pc mutant in the females (P < 0.005). Thus, the
kidney weight of the pc mutant was large, that is, about
40 (in the females) and 45 (in the males) times that of the
orange-red variety. The ratios of the kidney weight to the
body weight (%) were 0.5 ± 0.2 for the orange-red and
15.2 ± 4.3 for the pc mutant in the males (P < 0.005),
and 0.4 ± 0.1 for the orange-red and 12.4 ± 4.2 for the
pc mutant in the females (P < 0.005), which was about
30 times larger in the pc mutant than in the orange-red
in both genders. Liver weight did not considerably differ
between the orange-red variety and pc mutants in both
sexes. The ratio of the liver weight to the body weight was
slightly lower for the pc mutant than for the orange-red
variety in the females (P < 0.005).
Light microscopy of kidney
In the orange-red variety, the kidneys were composed
of numerous glomeruli, renal tubules, and interstitial lym-
phoid tissues. At least two types of tubular segment were
identified. One was lined by tall columnar epithelial cells
with its apical surface stained by PAS stain (Fig. 3A),
forming a narrow lumen. This segment was also stained by
LTL and identified as the proximal tubule (Fig. 3B). The
other was lined by low columnar epithelial cells, forming
a round and wide lumen. No PAS staining was observed
in this segment. No tubules were stained by DBA. Inter-
stitial lymphoid cells had large nuclei heavily stained with
hematoxylin and filled a gap of renal tubules (Fig. 3A).
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Fig. 3. Histology of orange-red variety kidney. Normal kidney of adult
male orange-red variety. (A) Two types of tubular segment are observed:
one lined by tall columnar cells with a narrow lumen stained by periodic
acid-Schiff (PAS) stain (sn), and the other lined by low columnar cells
with a wide lumen (sw). Abbreviations are: g, glomerulus; il, intersti-
tial lymphoid tissues. (B) The apical surface of PAS stain (sn) is posi-
tively stained by the fluorescein-conjugated lectin Lotus tetragonolobus
(LTL). The bar represents 50 lm.
Fig. 4. Histology of polycystic kidney. (A) Polycystic kidney of 6-
month-old male pc mutant. (B) Higher magnification of epithelial cell
layers. (C) Cellular plug in cyst. (D) Some cysts are positively stained
by the fluorescein-conjugated lectin Lotus tetragonolobus (LTL). The
bars represent 200 lm (A), 20 lm (B), 50 lm (C), and 100 lm (D).
Brown and blackish pigments were sporadically seen in
interstitial lymphoid tissues (data not shown).
In the pc mutant, the kidney was occupied by numerous
large, clear, and fluid-filled cysts. The cysts were lined by
highly attenuated squamous epithelial cells. Glomeruli,
renal tubules and interstitial lymphoid tissues hardly
existed with their normal morphology (Fig. 4A and B).
Cellular or acellular debris often plugged cysts (Fig. 4C).
Some cysts were stained by LTL (Fig. 4D). No cysts were
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Fig. 5. Scanning electron microscopic images of normal and polycystic kidneys. (A) Two types of tubular segment are observed in the normal
kidney: one lined by tall columnar epithelial cells with a narrow lumen (sn) and the other lined by low columnar cells with a wide lumen (sw).
(B) Segment lined by tall columnar epithelial cells with a dense brush border of microvilli (br) and single cilia (arrowhead) in normal kidney. (C)
Bundles of multiple cilia (mc) found in segment lined by tall columnar epithelial cells with a dense brush border of microvilli. (D) Cyst lined by
epithelial cells with a dense brush border of microvili (br), single cilia and bundles of multiple cilia (mc) in polycystic kidney. The boundary of
epithelial cells is shown by arrowheads. (E) Segment lined by low columnar epithelial cells with a scanty brush border of microvilli and single cilia
in normal kidney. (F) Cyst lined by epithelial cells with a scanty brush border of microvilli and single cilia in polycystic kidney. The bars represent
50 lm (A) and 10 lm (B to F).
stained with DBA and PAS (data not shown). These
histologic features were not different between the main
and caudal parts in both orange-red variety and pc. No
histologic abnormalities were observed in the liver and
heart.
Scanning electron microscopy of renal tubules
Two types of the tubular segment observed in the
orange-red kidney in light microscopic observations were
confirmed in scanning electron microscopy. One type was
lined with tall columnar epithelial cells forming a narrow
lumen (Fig. 5A); this segment had a dense brush border
of microvilli and single cilia (Fig. 5B) in the apical surface
of those cells. Bundles consisting of multiple cilia existed
sporadically on the lumen of this segment (Fig. 5C). These
structures of the apical surface were similarly observed
in a portion of cystic tubules in the pc mutant, in which
the boundary between neighboring cells was distinct
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(Fig. 5D). The other type was lined with low colum-
nar epithelial cells, forming a wide lumen (Fig. 5A); this
segment had a scanty brush border of microvilli and
single cilia in the apical surface of those cells. The bound-
ary between neighboring cells was recognized as a slight
swelling of each cell. No bundles of multiple cilia were
observed (Fig. 5E). Similar structures were seen in an-
other portion of cystic tubules in the pc mutant, although
the apical surface was so flat that the boundary between
neighboring cells was not distinct (Fig. 5F). These elec-
tron microscopic observations suggest that the structures
of the apical surface of renal tubules remain intact during
cystic formation.
Transmission electron microscopy of renal tubules
In the orange-red kidney, two types of cell were ob-
served. One was epithelial cells with a dense brush bor-
der of microvilli at the apical surface, many vesicles of
the apical endocytic apparatus, numerous mitochondria,
tight junctions, and well-organized basement membranes
(Fig. 6A). The other was epithelial cells with a scanty
brush border of microvilli at the apical surface, numerous
mitochondria, tight junctions, well-organized basement
membranes (Fig. 6B), and highly developed invaginations
of basal or basolateral membranes (Fig. 6C). No vesicles
of the apical endocytotic apparatus were observed in this
cell type. Multiple cilia observed using a scanning micro-
scope were identified to be of the 9 + 2 axoneme type.
It was unexpected that single cilia were also of the 9 +
2 axoneme type, and no 9 + 0 axoneme-type cilia were
found (Fig. 6D).
In the cystic kidney, epithelial cells were squamous and
attenuated and their basement membranes were exten-
sively disorganized (Fig. 6E and F). Two types of epithe-
lial cell were distinguished, as in the orange-red kidney.
In cells with a brush border of microvilli, vesicles of the
endocytic apparatus and mitochondria became much less
prominent (Fig. 6E). In cells with a scanty brush border
of microvilli, mitochondria and invaginations became less
conspicuous (Fig. 6F). However, the degree of these ultra-
structural abnormalities varied from cysts to cysts. Mul-
tiple and single cilia were of the 9 + 2 axoneme type as
those in orange-red varieties (data not shown).
Early stages of cystic formation
In the 0-day-old fry, the orange-red kidney consisted
of a pair of single nephrons containing one external
glomerulus and one renal tubule. The renal tubule was
bent several times at the anteroposterior axis, exhibiting
its multiple cross sections. From these features, the kidney
at this stage was identified as the pronephros. No appar-
ent cystic formation was observed in the pc kidney at this
stage (Fig. 7A).
In the 10-day-old fry, the orange-red kidney consisted
of a pronephric tubule on the plane through the exter-
nal (pronephric) glomerulus. In the pc pronephros, large
cysts were formed on the same plane (Fig. 7B), showing
that the first cystic formation began in the pronephros
at the microscopic level. Posterior to the pronephros, a
mesonephros consisting of a few internal (mesonephric)
glomeruli, renal tubules, and lymphoid tissues was devel-
oped. The cystic dilation of renal tubules was not distin-
guished in this early stage of the mesonephros (data not
shown).
In the 20-day-old fry, the orange-red kidney was char-
acteristic of the adult mesonephros in gross morphol-
ogy and histology. In pc, the left and right kidneys fused
and contained cysts of various sizes as well as histologi-
cally normal glomeruli, renal tubules, and lymphoid tis-
sues. The cysts were generally smaller and the epithelial
cells lining them were taller than those in adult fish (Fig.
7C). Thus, cystic formation was distinguished first in the
pronephros and then in the mesonephros at the micro-
scopic level in the early larval stages.
DISCUSSION
In the present study, we determined the phenotypes of
the medaka pc mutant by morphologic, histologic, and
ultrastructural observations.
The teleost kidney consists of the anterior head kid-
ney containing lymphoid and hematopoietic tissues and
the posterior trunk kidney containing glomeruli and renal
tubules (nephrons). However, these two parts are not al-
ways distinguishable because of their partial or complete
fusion in many species, and lymphoid and hematopoi-
etic tissues are scattered throughout the entire kidney
in some species [14]. In the histologic observations, the
entire kidney of adult orange-red fish was composed of
numerous nephrons and interstitial lymphoid tissues that
filled a gap of nephrons and contained no regions char-
acteristic of the head kidney. Thus, the medaka kidney is
characteristic of the mesonephros as Oguri [15] reported.
Oguri [15] also reported that, in medaka, the neck,
proximal, distal, and collecting segments of the kidney are
distinct in renal tubules in sections prepared by Zenker-
formol fixation and Gomori’s chrome-hematoxylin stain-
ing. From the light and electron microscopic observations,
we identified two types of segment of tubules. One seg-
ment was lined by tall columnar cells forming a narrow
lumen, which was stained by PAS stain and LTL, a marker
for the proximal segment [16], at the apical surface. These
cells were characterized by having a dense brush border
of microvilli, many vesicles of the apical endocytic appa-
ratus, tight junctions, numerous mitochondria, and well-
organized basement membrane. Bundles of multiple cilia
were scattered on the lumen of this segment, which are
present in the proximal segment of some teleost fish and
30 Mochizuki et al: Fish mesonephric model of PKD
Fig. 6. Transmission electron microscopic images of normal and polycystic kidneys. Two types of tubular segment are observed in the normal
kidney. (A) Tall columnar cells with a dense brush border of microvilli (br), vesicles of apical cystic apparatus (vc), numerous mitochodria, tight
junctions (arrow), and well-organized basement membranes. (B) Low columnar cells with a scanty brush border of microvilli, tight junctions (arrow),
numerous mitochondria, and well-organized basement membrane. (C) Invaginations of basal and lateral (insert, arrowhead) membranes of low
columnar cells. (D) Cross-sections of multiple and single (insert) cilia of proximal segment. Black dots denote artifact. (E) Cystic cells that retain a
brush border of microvilli. Cells become attenuated and their cytoplasmic organelles are much less prominent. The basement membrane is highly
disorganized. (F) Cystic cells with a scanty brush border of microvilli. These cells become attenuated. Cytoplasmic organelles are relatively well
preserved in these cells, but most of them are lost in other groups of cells. The bar represents 4 lm (A, B and F), 2 lm (C and E), and 0.2 lm (D).
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Fig. 7. Early stages of cystic formation. (A)
Cross-sections through plane of pronephric
(external) glomerulus in 0-day-old fry of
orange-red variety (upper) and pc (bottom).
There is no conspicuous histological dif-
ference of the pronephric tubule between
orange-red variety and pc. (B) Cross-sections
on the same plane as that of (A) in 10-day-old
fry of orange-red variety (upper) and pc (bot-
tom). In pc, the pronephric tubule is dilated
forming the cyst. (C) Cross-sections through
plane of mesonephros in 20-day-old fry of
orange-red variety (upper) and pc (bottom).
The left and right kidneys are fused, in which
many cysts are seen among normal tubules,
glomeruli, and lymphoid tissues. Abbrevia-
tions are: cy, cyst; pg, pronephric glomelurus;
pn, pronephros. Arrows show mesonephric
(internal) glomeruli. The bar represents 100
lm (A and B) and 200 lm (C).
are suggested to have a function in promoting fluid flow
[17]. From these results, we identified this segment as the
proximal segment.
The other segment was lined by low columnar cells
forming a wide lumen. These cells were not stained
by PAS stain and had a scanty brush border of mi-
crovilli, tight junctions, numerous mitochondria, highly
developed invaginations, and well-organized basement
membranes. These features are commonly observed in
both distal and collecting tubule segments. We could not
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Fig. 7. (continued)
distinguish between these two segments, because DBA,
a marker for the distal segment [16], was not expressed.
There seem to be few cytologic differences between these
two segments in fish [14]. Further studies using other
molecular markers are needed for the exact identifica-
tion of the tubular segment.
Single cilia that exist in renal tubules are primary cilia,
which are of the 9 + 0 axoneme type [18]. Therefore, it
was unexpected that the single cilia observed in medaka
renal tubules were of the 9 + 2 axoneme type. To the
best of our knowledge, there are as yet no reports on the
ultrastructures of fish primary cilia, thus we need further
studies to determine such ultrastructures.
Externally, the kidney in the pc mutant began to swell at
approximately 11/2 months of age, enlarged progressively,
and reached 40 (in the female) to 45 times (in the male)
the weight of the normal kidney at 4 to 6 months of age.
Disorder progression after larval stages was clearly visi-
ble in the pc see-through stock in daily observations. Thus,
massive enlargement and slow progression throughout
adulthood are characteristic of a kidney disorder in the
pc mutant.
In histologic observations, the affected kidney was oc-
cupied by numerous cysts lined by attenuated squamous
epithelial cells and filled with transparent fluid. In trans-
mission microscopy, cystic cells were attenuated and their
basement membranes were highly disorganized. Cyto-
plasmic organelles characteristic of renal tubular cells,
vesicles of the apical endocytic apparatus, tight junc-
tions, mitochondria, invaginations of basal and basolat-
eral membranes became much less prominent. These
histologic and ultrastructural features of cystic cells are
consistent with those observed in murine and human
autosomal-dominant PKD [16, 19].
Histologic differences at the apical surface between
proximal and distal/collecting tubules in the normal kid-
ney were retained in the cystic kidney. Some cysts were
stained by the LTL, a proximal segment marker. In the
scanning and transmission electron microscopic observa-
tions, a portion of the cysts had a dense brush border
of microvilli, single cilia, and bundles of multiple cilia
in the apical surface, the same as the proximal segment
of normal renal tubules; the other portion had a scanty
brush border of microvilli, single cilia, but no bundles of
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multiple cilia, the same as the distal/collecting segment
of normal renal tubules.
These histologic and ultrastructural findings are con-
sistent with those in the mouse and human autsomal-
dominant PKD, suggesting that the apical surface in
different segments maintained their respective original
characteristics in cystic formation and that cystic forma-
tion occurred in the entire tubules irrespective of the
type of segment [16, 19]. The above-mentioned histo-
logic and ultrastructural characteristics of renal cysts in
the pc mutant closely resemble those of PKD, particu-
larly autosomal-dominant PKD [12, 13] and its murine
models [3, 4]. Furthermore, the medaka polycystic kid-
ney disorder also resembles autosomal-dominant PKD
in its slowly progressive nature, which supported a rel-
atively long life of the affected fish. Thus, we think that
the medaka pc mutant is a good mesonephric model for
elucidating PKD.
The early stages of cystic formation were preliminary
studied, because the present study focused on the pheno-
typic description of the pc mutant. Precise studies of the
early stages of cystic formation are to be described else-
where. At the microscopic level, cystic formation was not
observed in 0-day-old fry and began in the pronephros
in 10-day-old fry and in the mesonephros in 20-day-old
fry. Cystic formation in the pronephros occurs in ze-
brafish mutants[5–7]. The mutations are inherited as an
autosomal-recessive trait and result in cysts lined by flat-
tened cuboidal epithelial cells resembling those observed
in renal cystic diseases [5]. However, these mutants die at
larval stages and cannot be used to monitor disease pro-
gression. The pronephric or mesonephric origin of PKD
is hardly known in murine models and human patients
in which the first cystic formation was detected in the
metanephros. The pc model is unique in that cystic forma-
tion and progression can be monitored in the pronephros
and mesonephros from early larval stages to adulthood.
Accumulating evidence from recent studies imply that
defects in primary cilia underlie renal cystic diseases. The
products of PKD-associated genes are localized in the
cilia and their related structures, and involve in the for-
mation or function of cilia. For example, the products of
PKD1 and PKD2, polycystin-1 and polycystin-2, respec-
tively, are thought to function as a mechanosensor in cilia
that may sense the flow rate in renal tubules [20, 21]. In
our medaka pc mutant, structural abnormalities in sin-
gle cilia were not observed, suggesting that the polycystic
kidney disorder is not caused by the absence of cilia but
possibly by some ciliary dysfunctions or other uniden-
tified defects. However, it is unknown whether this hy-
pothesis is valid in the pc mutant, because the single cilia
we identified were not of the 9 + 0 axoneme type, which
is characteristic of primary cilia [18]. This hypothesis is
tested by the identification and functional analysis of the
pc responsible gene.
The see-through medaka is a vertebrate model with a
transparent body in adulthood, as well as in embryonic
stages [11]. The pc see-through medaka enables us to non-
invasively observe kidney enlargement after 1 month of
age. However, embryonic and larval kidneys are difficult
to observe in live fish, because they are not of a reddish
color. In such cases, the optical clarity of pc see-through
medaka may become very helpful when combined with
transgenesis by fluorescent markers, such as green fluo-
rescent protein (GFP) and DsRed, specifically in high-
lighting cells in the entire kidney or in some of its com-
ponents (glomeruli or tubules). Thus, the pc see-through
stock and its transgenic variant may be useful fish models
for the noninvasive studies of PKD. In addition, similar
to zebrafish, such medaka models would facilitate drug
discovery and development when used for the early de-
tection of compounds that cause unacceptable toxicity,
saving time and expense [22].
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